Introduction
Pathogenic bacteria that penetrate the intestinal epithelial barrier stimulate an inflammatory response in the adjacent intestinal mucosa. The present studies asked whether colon epithelial cells can provide signals that are important for the initiation and amplification of an acute mucosal inflammatory response. Infection of monolayers of human colon epithelial cell lines (T84, HT29, Caco-2) with invasive strains of bacteria (Salmonella dublin, Shigella dysenteriae, Yersinia enterocolitica, Listeria monocytogenes, enteroinvasive Escherichia coli) resulted in the coordinate expression and upregulation of a specific array of four proinflammatory cytokines, IL-8, monocyte chemotactic protein-i, GM-CSF, and TNFa, as assessed by mRNA levels and cytokine secretion. Expression of the same cytokines was upregulated after TNFa or IL-1 stimulation of these cells. In contrast, cytokine gene expression was not altered after infection of colon epithelial cells with noninvasive bacteria or the noninvasive protozoan parasite, G. lamblia. Notably, none of the cell lines expressed mRNA for IL-2, IL-4, IL-5, IL-6, IL12p40, IFN-y, or significant levels of IL-1 or IL-1O in response to the identical stimuli. The coordinate expression of IL-8, MCP-1, GM-CSF and TNFa appears to be a general property of human colon epithelial cells since an identical array of cytokines, as well as IL-6, also was expressed by freshly isolated human colon epithelial cells. Since the cytokines expressed in response to bacterial invasion or other proinflammatory agonists have a well documented role in chemotaxis and activation of inflammatory cells, colon epithelial cells appear to be programmed to provide a set of signals for the activation of the mucosal inflammatory response in the earliest phases after microbial invasion. (J. Clin. Invest. 1995. 95:55-65.) Key words: MCP-1 * IL-8 * GM-CSF * TNFa * IL-6 * reverse transcription PCR.
Cells that line the mucosal surface of the intestine form a major mechanical barrier that separates the host's internal milieu from the external environment. In addition to the well established role of epithelial cells in ion transport, these cells appear to function as an integral component of the mucosal immune system. Thus, human colon epithelial cells in vitro can process and present antigens to T cells (1) , and the human colon epithelium in vivo and in vitro can be stimulated to express HLA class II (2, 3) and intercellular adhesion molecules (4) (5) (6) . In addition, human colon epithelial cells and cell lines produce IL-8 (7, 8) , a potent neutrophil chemoattractant and, as assessed by immunohistochemistry, -5% of human colon epithelial cells in vivo produce IL-6 (9) . Moreover, human colon epithelial cell lines express TGF,61 (7, 10) , complement proteins (C3, C4, Factor B) ( 11) , and leukotrienes that may be involved in the initiation and regulation of mucosal inflammatory responses (12) . Colon epithelial cell lines also can respond to a broad array of cytokines (e.g., TNFa, IL-I, IL-4, IL-6, IFN-y, TGF,61 ) with altered gene expression and growth characteristics (7, (13) (14) (15) (16) (17) (18) .
Cytokines produced by a number of different cell types play an essential role in intercellular communication by delivering signals which influence the activation, growth, differentiation, or migration of the target cells upon which they act. Individual cells can produce multiple cytokines. Moreover, populations of cells can be grouped according to the array of cytokines they produce, which in turn influences the spectrum of functions that the cell mediates. For example, human CD4 T cell clones, like those initially described in mice ( 19) , can be divided into functionally distinct subsets depending on whether they produce the cytokines IL-2 and IFN-y or, alternatively, IL-4 and IL-5 (20) (21) (22) . This coordinate regulation of specific groups of cytokines has important consequences for the host response to microbial pathogens since resistance or susceptibility can correlate closely with the specific group of cytokines expressed (23) (24) (25) . Cytokines also can be categorized based on their major activities. For example, the cytokines TNFa, IL-I and GM-CSF, as well as IL-8, MCP-1 and other chemokine family members can activate a spectrum of proinflammatory effects, whereas cytokines such as TGF,61 and IL-1O can mediate effects that downregulate inflammatory responses (26) (27) (28) . Cytokine signaling between cells often involves a network of effects. Thus Figure 1 . Structure of pHCQ plasmids used for generation of standard RNA. Plasmid pHCQI has 5' and 3' priming sites for 11 cytokine genes as well as ,3-actin, TCRa, TCR8, CD8, and CD4. The priming sites correspond to the sequences of the primers used to amplify target cDNA. The arrangement of priming sites was designed to yield PCR products that differ in size from those of the target RNA. Sequences are flanked upstream by a T7 RNA polymerase promoter and downstream by a poly(A) sequence. Using the same strategy, plasmids pHCQ2 and pHCQ3 were constructed to quantitate the mRNA for MCP-1 and GM-CSF or IL-12p40, respectively. Plasmid pHCQ3 also encodes priming sites for IL-I receptor type 1 and 2, TNFa receptor type 1 (p55) and type 2 (p75) and the IL-6 receptor.
additional effects which serve to further amplify an inflammatory response (29) .
Other than IL-8, little is known regarding the overall repertoire of cytokine genes whose expression is regulated in human colon epithelial cells in response to environmental stimuli. In the present study, we describe the coordinated and regulated expression of a specific array of proinflammatory cytokines in human colon epithelial cells in response to bacterial invasion and TNFa or IL-I stimulation. Alone and in combination, these cytokines are known to attract and activate inflammatory cells and thus may provide an important early signaling system for the initiation and amplification of the mucosal inflammatory response in the early stages of bacterial infection, after penetration of the host epithelial barrier by pathogenic microbes.
Methods
RNA standards for quantitative PCR. To facilitate quantitation of cytokine RNA by PCR, we constructed three plasmids, pHCQ1, pHCQ2, and pHCQ3 ( Fig. 1) , which encode RNA standards. In vitro transcription of these plasmids using T7 RNA polymerase yields RNA products carrying primer sites identical to those used to amplify target RNA, an approach initially described by Wang et al. (30) . In addition to cytokine priming sites, pHCQ1 contains priming sites for /3-actin, TCR a, 6, CD4, and CD8; pHCQ3 contains priming sites for IL-1R type 1, IL-1R type 2, TNF-R type 1, TNF-R type 2, and IL-6-R. The distance between specific 5' and 3' primer sequences and, therefore, the size of PCR amplification products, differ for standard and target RNAs (Table I) . To construct the three plasmids, separate double-stranded DNA cassettes carrying 5' or 3' priming sites were generated using PCR-oligonucleotide overlap extension. Appropriate restriction site extensions at the ends of the cassettes were used to facilitate their sequential cloning into pGEM-3Zf(-) (Promega, Madison, WI). Finally, to provide a poly(A) tail at the end of the standard RNA, the sequence 5' CTG-CAG(A)15AAGCTT (encoded by two complementary oligonucleotides) was inserted between the PstI and HindIII sites of the constructs. To ensure appropriate spacing, the constructs carry a spacer sequence separating the 5' and 3' priming sites. Nucleotide sequences of the 3 pHCQ constructs were confirmed by the dideoxy chain termination method using Sequenase (United States Biochemical Corp., Cleveland, OH). To generate standard RNA, plasmids were linearized with HindIII and transcribed in vitro using T7 RNA polymerase under conditions recommended by the supplier (Stratagene, La Jolla, CA). pHCQI yields an 840 nt, pHCQ2 a 413 nt, and pHCQ3 a 611 nt RNA product.
Oligonucleotide primers for PCR amplification. Sequences of the oligonucleotide primers used for PCR amplification and the size of the predicted PCR products from target RNA and standard RNA are shown in Table I. Primers were obtained as follows: IL-la, IL-1/3, and IL-2  from Perkin Elmer Cetus (Norwalk, CT); IL-5, IL-6, IL-8, and TGFfI1 from Clontech (Palo Alto, CA); TNFa, LFN-y, GM-CSF, and 3-actin from Stratagene. Primers for IL-10 were as described in (23) . Primers for IL-4, MCP-1 and IL-12p40 were designed and synthesized in our laboratory. The primers either amplified fragments whose sizes, when obtained from cDNA, can be readily distinguished from those obtained from genomic DNA, or span exon-exon boundaries and, therefore, do not amplify genomic DNA.
RNA extraction and PCR amplification for quantitation of cytokine mRNA. RNA was extracted using acid guanidinium thiocyanate/phenol/ chloroform as described previously (7) Caco-2 colon carcinoma cells for MCP-1 and a PMA-stimulated EBV transformed human B cell line for IL-12p40. PCR products were separated in 2% NuSieve agarose (FMC Bioproducts, Rockland, ME) or in 5% polyacrylamide gels.
Quantitation of PCR products. Two methods were used to quantitate PCR products. In the first method (Fig. 2 A) cellular target RNA and standard RNA were reverse transcribed together in a single reaction, after which serial two-or fivefold dilutions of the cDNA reaction mixture were prepared and cytokine transcripts were amplified by PCR. PCR products were visualized in gels by ethidium bromide staining and, when 32P 5' end-labeled primers were used, bands were excised from the gels and the incorporated radioactivity was determined using a scintillation counter. Radioactivity of the standard RNA PCR product was plotted against the number of standard RNA molecules in the PCR amplification, and radioactivity in the PCR product from target RNA was plotted against the amount of sample RNA used for PCR amplification using a double-logarithmic scale. With this method, a linear relationship was obtained between the number of standard RNA molecules or the amount of sample RNA, and the radioactivity incorporated into the PCR products. Moreover, curves for standard RNA and target RNA were parallel, indicating equal amplification efficiencies for both products.
In the second method (Fig. 2 B) a constant amount of cellular target RNA was mixed with varying numbers of standard RNA transcripts and the mixtures were reverse transcribed, after which cDNA was amplified as described above. Each experiment used between 100 ng and 1 pg total cellular RNA. PCR products were electrophoresed in 2% NuSieve agarose gels and bands were visualized by ethidium bromide staining. Photographs of the gels were taken with Polaroid 665 film after which band intensities were quantitated by densitometry (BioRad GS-670 imaging densitometer; Bio Rad Instruments, Hercules, CA). In this approach, a point is determined where the starting number of standard RNA transcripts is equal to the starting number of cellular target RNA transcripts. To determine this point, the ratios of the band intensities of the PCR products from the standard RNA and target RNA (i.e., ratio standard RNA/target RNA band intensity) were plotted against the starting number of standard RNA molecules using a double logarithmic scale. As shown in Fig. 2 for TNFa stimulated T84 cells, both methods yielded similar results when conducted in parallel. Such was the case also for lower abundance messages (data not shown). Moreover, both methods gave reliable inter-experimental results and, for all 14 cytokines, were sufficiently sensitive to quantitate fewer than I03 transcripts/ pg cellular RNA. Since 105 cells yielded -I ,ig cellular RNA, 103 transcripts/jig cellular RNA is equivalent, on average, to -I transcript/ 100 cells. Although technically the cytokine transcripts could be detected and quantitated at lower levels, this value was arbitrarily selected as a lower limit for the quantitative PCR analysis as lower levels are unlikely to be reflected by biologically meaningful protein production.
Cytokines, bacteria, and Giardia lamblia. The following cytokines, bacteria, and bacterial products were used in these studies: Recombinant human TNFa (rTNFca) ( 9809). G. lamblia trophozoites (provided by Dr. F. Gillin, UCSD) and bacterial strains were grown as described before (32, 33) .
Colon epithelial cells and cell culture. Human T84 colonic epithelial cells (34) were a gift from K. Dharmsathaphorn and were used between passage 16 and 35. Human HT29 colonic epithelial cells (HTB38), human SW620 colonic epithelial cells (CCL 227), and human Caco-2 ileocecal epithelial cells (HTB37) were obtained from American Type Culture Collection, Rockville, MD. Cell lines were maintained as described before (7) .
Freshly isolated human epithelial cells and intraepithelial lymphocytes (IEL) from surgically resected colonic specimens were prepared as described before (1, 7). Epithelial cell preparations were free of contaminating B cells and monocytes/macrophages as assessed by flow cytometry using CD19/20 and CD14 markers. Cells were seeded at 1-2 x 106/ml in RPMI medium supplemented with 10% fetal calf serum and 2 mM glutamine. For 48-h cultures, antibiotics were also added. Viability of the freshly isolated epithelial cells, as assessed by Trypan blue exclusion and staining with propidium iodide, was > 95% immediately after isolation, > 90% after 6-7 h in culture, 60-70% after 24 h in culture, and 20-30% after 48 h in culture. To assess the contribution of IEL to the secretion of cytokines in cultures, epithelial cells and IEL were isolated from the same surgical specimens and cytokine secretion was determined in separate cultures of each. IEL comprised 2-3% of the epithelial cell preparations whereas IEL preparations contained > 80% lymphocytes. IEL were cultured at 2 x 106/ml. For assays of cytokine secretion, freshly isolated epithelial cells or IEL were cultured at 2 x 106/ml for 48 h (7).
Infection of colon epithelial cell monolayers with bacteria and G. lamblia. To infect colon epithelial cell lines with bacteria, cells grown to confluency in six-well plates were incubated with bacteria foi 1 h to allow invasion to occur, after which the extracellular bacteria were removed by washing and cultures were incubated for an additional 2-3 h in the presence of 50,g/ml of the nonmembrane permeant antibiotic gentamicin to kill the remaining extracellular, but not the intracellular, bacteria (33) . In the case of S. bovis, 16 Mg/ml ampicillin was used.
Cells were lysed in distilled H20 and numbers of viable intracellular bacteria were determined as described before by plating of serial dilutions on agar (33) . Cells were harvested for RNA extraction after the total 3-h period. To assess cytokine secretion, after the initial 1-h incubation with bacteria, cells were incubated for an additional 7 h in the presence of antibiotics, after which supernatants were harvested for cytokine ELISAs. Freshly isolated epithelial cells were plated at 10' cells/ml in a 1 ml volume in six-well plates, and infected as above. Cells were incubated for 6 to 7 h in the presence of gentamicin before determining numbers of intracellular bacteria and cytokine secretion.
To infect T84 or Caco-2 cells with G. lamblia, trophozoites were washed with ice-cold DME, and 5 x 107 trophozoites were added to confluent monolayers in 10-cm dishes. After 5 h, the monolayers were Cytokine Expression in Colon Epithelial Cells 1 03 Increased cytokine mRNA levels in T84 and Caco-2 cells in response to bacterial invasion. To assess changes in cytokine gene expression in epithelial cells in response to bacterial infection, T84 cell monolayers were infected with the invasive bacteria S. dublin or with noninvasive bacterial strains (E. coli DH5a, E. faecium) and cytokine mRNA levels were determined 3 h after infection. As shown in Table III Regulated secretion of IL-8, MCP-J, TNFa, and GM-CSF by colon epithelial cells. The above studies indicated that mRNA levels of four cytokines were coordinately upregulated in colon epithelial cells in response to TNFa stimulation and Salmonella invasion. To determine if increased mRNA levels for these cytokines were paralleled by increased protein secretion, cytokine secretion by the cell lines in response to bacterial invasion or stimulation with proinflammatory agonists was studied.
As shown in Table IV , TNFa secretion by T84 cells was increased following bacterial invasion of the monolayers with Y. enterocolitica, S. dublin, enteroinvasive E. coli and S. dysenteriae. The quantity of TNFa secreted paralleled the extent of bacterial entry, as reflected by the number of recovered intracellular bacteria. In contrast, infection of the monolayers with noninvasive E. coli or stimulation with bacterial LPS did not increase TNFa secretion by T84 cells.
As shown in Table V , infection of Caco-2 monolayers with several different strains of invasive bacteria upregulated both MCP-l and 11-8 secretion. MCP-1 secretion was also increased following stimulation of this cell line with 1L-la and, as noted before (7), 1L-1 stimulation upregulated IL-8 secretion. In contrast, IFN-y had no effect on the expression of either of these chemokines. Moreover, Caco-2 cells were poorly responsive to LPS and TNFa stimulation (7, data not shown).
HT29 monolayers were used to ask whether secretion of GM-CSF was increased following bacterial invasion or TNFa stimulation, since HT29 cells, compared with the other cell lines, expressed the highest levels of mRNA for GM-CSF after TNFa stimulation (Table II) . In addition, HT29 cells were used to assess secretion of the full array of all four proinflammatory cytokines by one cell line. As shown in Table VI (Table  X) which shows 5-8-fold higher background levels compared with Exp. 1 and, concurrently, less marked relative increases in chemokine secretion in response to bacterial invasion. Fi- nally, we note that colon epithelial cells were previously reported to produce IL-6 in vivo by immunostaining (9) . Consistent with this, freshly isolated intestinal epithelial cells, in contrast to the cell lines, produced IL-6 and secretion of this cytokine was upregulated in response to microbial invasion and IL-1,8 stimulation. (1) (2) (3) 11) . The colonic cell lines used in these studies are transformed and, in this regard, differ from normal colon epithelial cells. We note, however, that despite their different origins, an identical array of proinflammatory cytokine mRNAs was consistently upregulated in each of the cell lines in response to bacterial invasion and TNFa or IL-1 stimulation, suggesting that expression of these cytokines is a general property of colon epithelial cells. Moreover, our results argue that unless the expression or lack of expression of one or more of the cytokines is causally related to the transformation process, a similar array of cytokines should be produced by non-transformed colon epithelial cells. This was the case for TNFa and MCP-1 as shown herein, and for IL-8 (7) and GM-CSF (37), as we noted before. However, in contrast to those cytokines, IL-6 was produced by freshly isolated normal colon epithelial cells but not by the colon epithelial cell lines studied herein and by others (7, 51) . Consistent with our findings with freshly isolated cells, others have reported IL-6 expression in normal human colon epithelial cells by immunostaining of tissue sections (9) . However, in those studies, < 5% of the colon epithelial cells expressed that cytokine (9) . Thus, the lack of IL-6 expression by the cell lines may reflect the origin of these cells from precursors which themselves did not express IL-6, rather than a loss of IL-6 expression in the cell lines related to the transformed state.
Cell Invasion of the intestinal mucosa by pathogenic bacteria leads to a marked acute mucosal inflammatory response which is characterized histologically by an infiltration with neutrophils and macrophages/monocytes. Therefore, we used bacterial invasion, as a physiologically relevant model, to study the upregulation of proinflammatory cytokine expression in colon epithelial cells. As shown in these studies, bacterial invasion of the colon epithelial cell lines upregulated mRNA levels and secretion of IL-8, MCP-1, TNFa, and GM-CSF, and could upregulate MCP-1, IL-8, and IL-6 secretion in freshly isolated epithelial cells. We suggest that these proinflammatory cytokines, in combination, comprise an important signaling system for the initiation of the mucosal inflammatory response when the host intestinal epithelial surface lining is invaded by microbial pathogens. Indeed, the specific array of proinflammatory cytokines expressed by epithelial cells is ideally suited for that function since, in combination, these cytokines attract and activate neutrophils and monocytes/macrophages, key cell types of the inflammatory response. Noninvasive bacterial strains and G. lamblia trophozoites do not invade intestinal epithelial cells or cause intestinal inflammation in vivo. The finding that they did not upregulate cytokine gene expression further highlights the importance of microbial entry for the activation of this cytokine signaling network. Our findings do not exclude the possibility that additional cytokines, including other members of the chemokine family, also may be part of this signaling network.
Levels In contrast to the proinflammatory cytokines, mRNA levels and secretion of TGF31, a cytokine which can exhibit potent immunosuppressive and anti-inflammatory activities (26, 27) , were not upregulated in colon epithelial cells in response to TNFa stimulation or Salmonella invasion. Although TGF,81 expression was reported to be increased in a rat small intestinal epithelial cell line (i.e., IEC-6) after IL-2 stimulation (36), this was not the case for the cell lines studied herein. It is possible that anti-inflammatory cytokines like TGF01 and IL-10 (28) can be regulated in human intestinal epithelial cells in response to different stimuli or, alternatively, epithelial cells may not play a major role in downregulation of the acute inflammatory response through the production of those cytokines. Irrespective of the cellular origin of the anti-inflammatory cytokines, the development of marked intestinal inflammation in transgenic IL-10 knockout mice demonstrates the importance of maintaining an appropriate balance in the intestinal mucosa between cytokines with proinflammatory and those with anti-inflammatory activities (54) .
